The photoionization cross sections for Ar ϩ through Ar 4ϩ , produced by the Auger decay of a 2 p hole in argon, have been measured between 242 eV and 253 eV by the use of synchrotron radiation. The high resolution of the monochromator has allowed a detailed study of the postcollision interactions that occur in this spectral region. The concept of photoelectron recapture by Ar 2ϩ to produce the Ar ϩ continuum is studied. The relative values of the quantum-mechanical calculations of the photoelectron recapture probability are shown to be in excellent agreement with the present data. The magnitude and shape of the Ar 2ϩ continuum has been explained on the basis that about 67% of the recaptured photoelectrons produce excited states of Ar ϩ which subsequently reemit the electrons by autoionization.
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I. INTRODUCTION
There has been considerable interest recently in the phenomenon of postcollision interactions ͑PCI͒ ͓1-39͔. This process was first studied by Barker and Berry ͓1͔ in 1966 with experiments involving autoionizing states produced by ion-atom collisions. They observed an energy shift and broadening in their electron energy spectra. This was explained as an interaction between electrons, produced in the decay of the autoionized states, and the field of the slow receding ion. In similar studies ͑but with electron-atom collisions͒ Hicks et al. ͓2͔ referred to this model as a postcollision interaction. Numerous experiments have been performed since then ͓3-27͔ and semiclassical and quantummechanical theories have appeared which successfully explain the shifts and broadening of the fast ejected electrons ͓28-39͔.
In the present work we are interested in near threshold photoionization experiments involving postcollision effects related to the Auger decay of a vacancy in the Ar L shell. The semiclassical description of the PCI effect can be described briefly as follows:
When an inner-shell electron is photoionized just above its ionization threshold a slow photoelectron is produced receding away from the singly ionized core. Subsequent decay of the vacancy by an Auger process produces a fast Auger electron. If the lifetime of the inner-shell vacancy is sufficiently short the fast Auger electron can overtake the photoelectron, which is then exposed to a doubly charged ion core. The photoelectron will be retarded losing a certain amount of energy, whereas the Auger electron ͑now exposed to a singly charged core͒ gains energy. This exchange of energy results in a distorted line shape and a shift in the peak energy of both electrons. In fact, even below the ionization threshold the short lifetime of the Auger decay (ϳ10 Ϫ15 s͒ allows the Auger electron to interact with the primary excited photoelectron. This interaction determines the final n-level location of the photoelectron and causes distortion in the energy profile of the Auger electron. Such distortions have been reported by de Gouw et al. ͓24,25͔ for as much as 0.6 eV below threshold. Much of the work in this area has concentrated on measurements of the Auger-electron energies, their line profiles, and peak energy shifts. These results are all well described by the semiclassical models of Niehaus ͓31͔, Russek and Mehlhorn ͓32͔, and by van der Straten, Morgenstern, and Niehaus ͓33͔.
Another consequence of PCI is its effect on the production of the various stages of ionization in the Auger decay process. If we consider the case of a vacancy in the Ar L 2,3 shell ͑where the probability of decay by fluorescence is very much smaller than that by an Auger decay ͓40,41͔͒ we would expect the lowest stage of ionization to be Ar 2ϩ . This is, in fact, what is observed when photoionization occurs well above the 2p ionization threshold. However, near threshold it has long been predicted that the energy lost by the photoelectron would be recaptured causing singly charged ions to be produced, presumably, in highly excited states ͓29-32,35͔. Van der Wiel, Wight, and Tol ͓7͔ provided the first experimental evidence that Ar ϩ ions were formed in the Auger decay. They used an electron energy loss scattering experiment and noted that the sum of the Ar 2ϩ and Ar 3ϩ yields divided by the total energy-loss signal increased for the first few eV above threshold before remaining constant. They interpreted this variation as being caused by the conversion of Ar 2ϩ to Ar ϩ by electron capture. Direct measurements of Ar ϩ ions produced above threshold have now been measured by several groups ͓15,21,23͔. The electron recapture probability curve has been calculated by Eberhardt et al. ͓21͔ using the semiclassical model of Russek and Mehlorn ͓32͔ and applied above the L 2 edge. The exponential type of decrease in the Ar ϩ signal as a function of the excess energy of the photoelectron above the L 2 edge is in good agreement with their experimental results. The recent quantummechanical calculations of Tulkki et al. ͓35͔ appear to give a better fit to the experimental data.
In the present work we expand in more detail on our recently reported studies of multiple ionization ͓42-44͔. We have measured the Ar ion yields from Ar ϩ through Ar 4ϩ at photon energies between 242 and 253 eV, but with much higher resolution ͑20-60 meV͒ than previous studies. The effects of electron recapture can clearly be seen in the Ar ϩ spectrum above the L 2 and L 3 edges. In addition, the Ar 2ϩ yield does not drop immediately to zero at the L 2,3 thresholds as would be expected if the recapture probability was 100% at threshold. This observation has not been noted before, neither in experimental nor theoretical studies. We will present data and analysis that explains this anomaly as a consequence of electron recapture into autoionizing states with subsequent reemission of the electron as the state deexcites.
II. EXPERIMENT
Measurements of the ion yields produced by Auger decay of the argon 2p
Ϫ1 vacancy were performed at the Lawrence Berkeley National Laboratory's Advanced Light Source ͑ALS͒. Two different beamlines were utilized. The 8 cm undulator beamline 9.0.1 provided the highest resolution and photon flux in the 250 eV energy range. The photon flux was typically 5ϫ10 12 photons/s. With monochromator slits of 35ϫ45 m the resolution obtained was about 40 meV, full width at half maximum ͑FWHM͒ at 240 eV in the first-order spectrum. For line width measurements we were able to utilize the second-order spectrum ͑at 120 eV͒, obtaining 20 meV resolution. Measurements were also made on the 6.3.2 bending magnet beamline. Although the photon flux and resolution were lower (ϳ80 meV energy resolution at 250 eV͒ this beamline was free from spurious noise associated with the undulators. Calibration of the monochromator energy scale was achieved by using the Ar 4s resonance line at 244.39 eV Ϯ0.01 eV determined by King and Read ͓45͔. A magnetic mass spectrometer was used to identify the various degrees of ionization produced with photon energy scans covering the range 242 to 253 eV. Data were taken in 2 to 20 meV steps. A time-of-flight mass spectrometer was used to determine the branching ratios of Ar ϩ through Ar 4ϩ at the L 3 threshold.
III. RESULTS AND DISCUSSION

A. Ion yields: Estimate of absolute cross sections
The ion yield spectra for Ar ϩ through Ar 4ϩ are shown in Fig. 1 . All scans were divided by the incident photon detector signal and were independent of each other. The detector ͑an aluminum photodiode͒ had an efficiency that essentially remained constant over the energy range studied. Thus each scan represents a relative cross section. To relate these scans to one another and place them on an absolute scale the following procedure was followed:
The relative yields, or branching ratios, for each stage of ionization were measured at the L 3 edge ͑248.63 eV͒ by use of a time-of-flight ͑TOF͒ mass spectrometer. The actual counts for Ar ϩ and Ar 2ϩ were corrected by subtracting the background counts produced by direct photoionization of the argon valence shell. This was determined from ion yield spectra obtained using the magnetic mass spectrometer. A typical spectrum of Ar ϩ is shown in Fig. 2 . This shows the Ar ϩ signal produced by photoionization of the Ar L 2,3 shell superimposed on a slowly decreasing continuum caused by direct photoionization of the argon valence shell. The background constituted 30% of the Ar ϩ signal at the L 3 edge. A similar set of data were taken for Ar 2ϩ . In this case a background of only 5% was observed at the L 3 edge. No appreciable background was observed for Ar 3ϩ and Ar 4ϩ . The relative yields were then converted into absolute values by multiplying their values at the L 3 edge by the total L 3 cross section, namely, 2.80 MbϮ5%. This value was obtained from our analysis of the data of Watson ͓46͔, Denne ͓47͔, and Gilberg, Hanus, and Foltz ͓48͔. The resulting absolute cross sections for the production of Ar ϩ through Ar 4ϩ at the L 3 edge are, respectively, 0.82, 1.69, 0.28, and 0.014 Mb. The cross section scales in Fig. 1 are based on these values. Thus from Fig. 1 the partial cross sections at the L 2 edge for Ar ϩ through Ar 4ϩ are, respectively, 0.43, 3.58, 0.56, and 0.035 Mb, which yields a total cross section of 4.6 Mb. From our above analysis of the literature data we estimate that the total cross section at the L 2 edge should be 4.2 Mb, which is in keeping with the expected ratio of two between the L 3 and L 2 cross sections. This indicates an overall uncertainty in the present results of about 10%.
B. Photoelectron recapture probability:
Ar ؉ production
In a normal Auger decay process a photoelectron and an Auger electron are ejected producing Ar 2ϩ . Therefore, the probability that a photoelectron will be recaptured must equal the probability that Ar ϩ will be created ͑excluding valence shell photoionization͒.
Tulkki et al. ͓35͔ have made a quantum-mechanical calculation of the recapture probability P(E ex ) as a function of the excess energy E ex above the L 2 threshold using a value of ⌫ϭ0.126 eV for the half-width of the 2p Ϫ1 inner-shell energy level. Their tabulated values of P(E ex ) are expressed as a percentage based on P(E ex ϭ0)ϭ100% at threshold and cover the range E ex ϭ0.25 eV to 2.5 eV. Numerical difficulties prevented the determination of P(E ex ) for values of E ex less than 0.25 eV.
1 They have provided an approximate equation for the recapture probability curve to extend their results to higher energies and to illustrate the dependence of P on E ex and ⌫, namely,
Their more rigorous calculation provides a broader curve that merges into the form of Eq. ͑1͒ at higher values of E ex ͑greater than about 4.5 eV͒. To determine the experimental electron recapture probability curve we note that the data above the L 2 edge represents the sum of the L 2 probability curve sitting on top of the L 3 continuum tail. Thus we first subtract the theoretical L 3 continuum from the experimental (L 2 ϩL 3 ) continuum to obtain an approximate probability curve. We then take this curve and normalize it to the L 3 threshold. This procedure provides a new L 3 continuum base line. Subtracting this new base line from our experimental (L 2 ϩL 3 ) continuum gives a revised probability curve. Renormalization of the revised curve at the L 3 threshold does not change appreciably the magnitude of our new base line. Thus we have extracted a semiexperimental recapture probability curve. The results are given in Table I and displayed in Fig. 3 and Fig. 4 ͑solid line curve͒. The accuracy of the data beyond 2.5 eV above the L 2 threshold depends on the accuracy of Eq. ͑1͒. The theoretical and experimental curves above the L 2 threshold have nearly identical shapes between E ex ϭ0.25 eV and 2.5 eV, 1 T. Åberg ͑private communication͒. but their absolute magnitudes differ by a constant 22.5% over this range. The Ar ϩ continuum decreases immediately at the L 2 threshold, which implies an immediate increase in the production of Ar 2ϩ . There is no sign in the Ar ϩ continuum of a plateau beyond the threshold that would have indicated a delayed Ar 2ϩ onset as observed in the argon K-L 2,3 L 2,3 decay by Armen, Levin, and Sellin ͓39͔.
C. Electron recapture and reemission: Ar 2؉ production
When the L shell of Ar is photoionized the PCI effect causes the photoelectron to lose energy. The amount of energy lost by the photoelectron decreases as the incident photon energy increases. The loss of energy shows up as an increase in the peak energy and broadening of the Auger electron lines. This effect has been well documented and persists well above the L 2,3 threshold, certainly for at least 11 eV above threshold ͓14,24,25͔. The importance of this observation is that no unaffected Auger line is observed in the threshold region ͓24,25͔. Thus all photoelectrons must lose some energy. Therefore, at threshold all ejected photoelectrons must be recaptured. This requires that the Ar 2ϩ cross section should drop to zero at the L 3 threshold. As can be seen in Fig. 1 this is not the case. This anomaly can be resolved if the photoelectrons are recaptured into high-lying Rydberg states forming Ar ϩ *. A certain fraction of these states will then autoionize back into the Ar 2ϩ continuum. This fraction can be determined from the experimental data as follows:
As we have seen, the presence of Ar ϩ is a consequence of electron recapture by the Ar 2ϩ ion. Therefore, the magnitude of the Ar ϩ signal at threshold must equal the amount of Ar 2ϩ permanently lost at threshold. We have assumed that there is no appreciable contribution to Ar 2ϩ from electron recapture by Ar 3ϩ . Adding the Ar ϩ and Ar 2ϩ cross sections at the L 3 threshold, we see that the Ar ϩ signal is 33% of the total sum. That is, only 33% of the electrons that are recaptured remain captured and 67% must be reemitted.
To derive the shape of the Ar 2ϩ curve as a function of E ex we note that because the function P represents the probability that Ar ϩ will be formed then the function (1Ϫ P) represents the probability that Ar 2ϩ will be observed. In the absence of any PCI effect ͑i.e., Pϭ0) we can represent the Ar 2ϩ ion yield by the rectangle shown in Fig. 5 ͑dotted lines͒. When the recapture probability is 100% at threshold ͓ P(E ex ϭ0)ϭP th ϭ1͔ we obtain the dashed line curve for Ar 2ϩ as a function of E ex by using the data from Table I . The area between the dotted and dashed lines represents the production of Ar ϩ caused by electron recapture. However, if electron reemission occurs then the threshold value is less than unity. In the present study P th ϭ33%, which gives the solid line curve in Fig. 5 . The shaded area, between the solid and dashed line, must represent the fraction of the captured photoelectrons that are reemitted through autoionization of the high-lying excited states. This fraction is 67% of the total area above the dashed line. That is, 67% of the captured photoelectrons are reemitted at any value of E ex . With this normalization ͑P th ϭ33%͒ the plot of (1Ϫ P) vs E ex is given by the solid line curve and the total area below that line represents the experimental production of Ar 2ϩ . A similar analysis at the L 2 threshold gives a value of about 76%. However, this latter value is less accurate because of the problems in determining the relative cross sections of the overlapping L 2 and L 3 continua.
To compare the shape of the derived Ar 2ϩ curve with experiment we take the solid line curve for Ar 2ϩ in Fig. 5 and normalize its threshold value to the L 3 experimental cross section for Ar 2ϩ . We repeat this procedure, normalizing at the L 2 edge but using the L 3 continuum as a base line. Adding these two curves we compare the results with the Ar 2ϩ spectrum in Fig. 6 . There is excellent agreement with the shape of the experimental curve.
From the above procedure we can estimate the fraction of the electrons captured by Ar 3ϩ and Ar 4ϩ that remain captured. Namely, choosing ͑by trial and error͒ a value of the P th at the L 3 threshold such that the curve (1Ϫ P) vs E ex provides a reasonable continuum base line for the (2p Ϫ1 )3d line in the Ar 3ϩ spectrum. We obtain P th ϳ0.15 which contributes about 0.04 Mb to the Ar 2ϩ production at threshold, an increase of ϳ2%. For the A 4ϩ spectrum P th ϳ0.50, contributing about 0.01 Mb to the Ar 3ϩ production. Thus our earlier assumption to ignore any contribution from Ar 3ϩ to Ar 2ϩ appears to be justified. To understand the mechanism and magnitude of the electron reemission we note that the Auger decay of the 2 p Ϫ1 1 Dnd states for nϭ3,4, and 5. However, above nϭ5 the fluorescence suddenly stops ͓56͔. Because the energy of the nϭ6 level lies above or coincides with the 3 P double ionization threshold ͓57-60͔ it is reasonable to assume that the sudden disappearance of fluorescence above nϭ5 implies that the nonradiative pathway of autoionization is the more probable one for nу6.
Electron recapture by the Ar 2ϩ states given by Eqs. ͑2͒ and ͑3͒ create the states
and the 3 P state given by Eq. ͑5͒. These are precisely the states discussed above. The decay pathway for the (3s 0 3p 6 ) 1 Snl state ͓Eq. ͑4͒ plus electron recapture͔ is unknown but we would expect autoionization to be the dominant pathway because its lowest level is well above the double-ionization threshold. However, as we will see, the population of the initial Ar 2ϩ (3s 0 3p 6 ) 1 S is only a few percent of all final states produced by the ejection of a 2 p electron.
The percent distribution for producing the Ar 2ϩ final states in Eqs. ͑2͒-͑4͒ can be determined from the measurements of the relative intensities of the lines in the L 2,3 MM Auger electron spectrum. These measurements have been made by Mehlhorn ͓49͔ and by Werme, Bergmark, and Siegbahn ͓50͔. We have listed their percent distributions for both the L 3 M M and L 2 M M transitions in Table II . Such studies will be necessary to determine the n values that are populated in the recapture process.
D. Fluorescence induced by electron recapture
Detailed measurements of the fluorescence produced by radiative decay of the Ar ϩ (3s 2 3p 4 ) 3 Pnd states provides another important technique to study the dynamics of electron recapture and the shake-up processes that are predicted to occur in the formation of the discrete Rydberg series leading to the L 3 and L 2 edges. Most of this radiation occurs between 200 and 600 nm and in the vacuum UV between 55 and 80 nm ͓56͔. We have observed the undispersed fluorescence with a bandpass of 300 to 550 nm ͓64͔. This spectrum is compared to the Ar ϩ ion yield in Fig. 7 . The fluorescent spectrum is superimposed on a large continuum of scattered radiation and the dashed line indicates an approximate base line. We can see a very close agreement between the two curves including the PCI induced decay of the Ar ϩ continuum above the L 2 edge. Rühl, Heinzel, and Jochims ͓65͔ have also observed fluorescent radiation in this region and the PCI induced decay. This is clear evidence that electron recapture has occurred. In addition, fluorescence is observed from the 2p Ϫ1 (3s 2 3p 6 )4s absorption line at 5.07 nm ͑244.39 eV͒. However, if the 4s electron remains a spectator during Auger decay the final state would be (3s 2 3p 4 ) 3 P4s, which can decay only by emitting 72 to 73 nm radiation. This emission would not be observed in our fluorescent spectrum. However, shake-up into the 5s level during the Auger decay would produce visible radiation from the 5s→4p and 4p→4s transition ͑413-497 nm͒, which would be observed. Note that shake-up into the 3d level can produce only radiation in the vacuum UV and would not be observed in our spectrum. Thus observation of fluorescence at the 2p -4s transition energy provides evidence of shake up from the 4s to the 5s level during Auger decay of the 2 p hole. This particular shake-up and many others have been observed by Aksela et al. ͓66͔ using the technique of resonance Auger-electron spectrometer.
The one notable difference between the Ar ϩ yield and the fluorescent yield is that the nominal 5d lines at 5.0 nm and 4.96 nm appear to be missing in the fluorescent signal! This may be caused by shake-up into the ( 1 D)6d,7d and ( 1 S)6d, 7d levels ͓63,67͔ which autoionize leaving only the ( 3 P)6d,7d lines to fluorescence. Or, possibly fluorescence from this level occurs in the vacuum UV and would not be detected in our studies. Clearly, higher resolution is desirable when studying the undispersed fluorescent spectrum ͑see Fig. 7͒ . Studying the dispersed fluorescence at all wavelengths should prove to be a valuable additional technique to help in our understanding of the Auger decay process.
E. Line-width measurements
The 2 p Ϫ1 (3s 2 3p 6 )ns,nЈd resonance lines observed in the Ar ϩ and Ar 2ϩ ion yield spectra show some interesting line width variations. Measurements of the half-widths of the Ar ϩ lines are all about 120 meV. A high-resolution measurement ͑20 meV instrumental resolution͒ of the 2 p Ϫ1 (3s 2 3p 6 )4s line at 244.4 eV gave a value of 118Ϯ4 meV. However, in the Ar 2ϩ spectrum only the 4s and 3d lines below the L 3 edge have half-widths of 120 meV. The 4d line at 247.67 eV has a width of 140 meV and the nd series above the L edge have widths of 226 meV. These variations can be explained as follows:
Below can autoionize into the L 3 continuum, producing Ar 2ϩ and causing broadening of the observed lines. The above processes can explain the variation in line widths observed by King and Read ͓45͔. In their study of the same resonances they used an electron-energy-loss technique, which is analogous to a total absorption spectrum. Below the L 3 edge they obtained a half-width of 116Ϯ3, 118Ϯ4, and 142Ϯ14 meV for the 4s,3d, and 4d lines, respectively. Above the L 3 edge they obtained 132Ϯ10 meV for the nd series. If we take the sum of our ion yield spectra we obtain a total ion yield curve which is similar to that published by King and Read. The degree of broadening of an individual line in a total absorption spectrum depends upon the width and relative intensity of the line in the partial ion yield spectra.
